The single crystals of bis[1-(diaminomethylene)thiouron-1-ium] oxalate were grown using a solution growth technique. The compound crystallises in the centrosymmetric C2/c space group of the monoclinic system. The conformation of the 1-(diaminomethylene)thiouron-1-ium cation is not strictly planar, but twisted. Both arms of the cation are oppositely rotated by 5.0(1)°around the C-N bonds involving the central N atom. The centrosymmetric oxalate(2-) anion is planar. The arrangement of oppositely charged components, i.e. 1-(diaminomethylene)thiouron-1-ium cations and oxalate(2-) anions in the crystal is mainly determined by ionic and hydrogen bonding interactions forming three-dimensional network. The compound was also characterised by the FT-IR and Raman spectroscopy. The characteristic bands of the NH 2 , C@S and COO À groups as well as of C-N-C, N-C-N and C-COO skeletal groups are discussed.
Introduction
Great effort has been expended to explore self-assembled organic-organic and organic-inorganic acid-base supramolecular complexes due to their intriguing network topologies, physical and chemical properties and potential applications in the field of material sciences, molecular biology, supramolecular chemistry and the crystal engineering [1] [2] [3] [4] [5] [6] . The directional O-HÁ Á ÁO, O-HÁ Á ÁN and N-HÁ Á ÁO or N-HÁ Á ÁN interactions resulting from the multiple hydrogen bonds with the neighbours play an important role in molecular recognition and self-assembly of organic or organic-inorganic molecules in solids [7, 8] . Several materials based on the acid-base ionic and directional hydrogen-bonding interactions exhibit non-linear optical properties due to the relatively strong hyperpolarisability of the base organic part of the crystals [9] [10] [11] [12] [13] [14] [15] [16] [17] . Many different self-complementary hydrogen bonding groups can be used to control association in supramolecular chemistry to produce the programmed arrangement, such as chains, sheets, ribbons, tapes and rosettes [18] [19] [20] [21] [22] [23] .
The commercially available crystalline 2-imino-4-thiobiuret (Scheme 1a, Aldrich, CAS No. 2114-02-05) is in fact the tautomeric form of 1-(diaminomethylene)thiourea (Scheme 1b) as has been identified by the X-ray single crystal analysis [24] .
Both tautomers, i.e., 2-imino-4-thiobiuret and 1-(diaminomethylene)thiourea, are potentially interesting compounds as an organic base and useful building blocks in the crystal engineering for obtaining base-acid materials with extended hydrogen bonds framework, since they contain active hydrogen bonding sites. Additionally, both tautomers can act as N,N-or N,S-coordinating ligands forming several types of complexes with metal ions [25] [26] [27] . The 1-(diaminomethylene)thiourea contains the basic N atom with the lone-pair of electrons that can accept the proton forming positively charged cations that together with the oppositely charged partners can form salts with the extended hydrogen bonded networks in solids [28] [29] [30] [31] [32] [33] [34] [35] . To explore the possibility of the 1-(diaminomethylene)thiourea forming predictable hydrogen-bonding patterns, it would be useful to observe its behaviour towards the other known building blocks like carboxylic acids that are widely used in this context [36] . The crystal engineering of thioureas is still considered to be less developed than that of urea [37] . In the present work, we investigate the crystal structure of 1-(diaminomethylene)thiouron-1-ium oxalate by the X-ray single crystal diffraction method. The compound was also characterised by vibrational spectroscopy, and the results are discussed and compared with the data obtained for a neutral 1-(diaminomethylene)thiourea molecule.
Experimental
All materials were commercially available and used as received. Elemental analysis was carried out with a Perkin-Elmer 240 elemental analyser.
Preparation of bis[1-(diaminomethylene)thiouron-1-ium] oxalate
Commercially available 2-imino-4-thiobiuret (amidinothiourea, Aldrich, CAS No. 2114-02-05), which is in fact the tautomeric form 0022-2860/$ -see front matter Ó 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.molstruc.2011.10.020 1-(diaminomethylene)thiourea and oxalic acid (Aldrich, purity of 99%) were added to hot water in a molar proportion of 2:1. When the solution became homogeneous it was cooled slowly and kept at room temperature. After several days, transparent colourless crystals were formed. Analysis: calculated for C 6 
X-ray data collection
X-ray intensity data for the crystal were collected using graphite monochromatic Mo Ka radiation on a four-circle j geometry KUMA KM-4 diffractometer with a two-dimensional area CCD detector. The x-scan technique with Dx = 1.0°for each image was used for data collection. The 930 images for six different runs covering over 99% of the Ewald sphere were performed. The unit cell parameters were refined by the least-squares methods on the basis of 762 reflections. One image was used as a standard after every 50 images for monitoring of the crystal stability and data collection. No correction on the relative intensity variations was necessary. Data collections were made using the CrysAlis CCD program [38] . Integration, scaling of the reflections, correction for Lorentz and polarisation effects and absorption corrections were performed using the CrysAlis Red program [38] . The structure was solved by the direct methods using SHELXS-97 and refined using SHELXL-97 programs [39] . The hydrogen atoms were located in difference Fourier maps and were refined. The final difference Fourier maps showed no peaks of chemical significance. The largest peaks on the final Dq map were +0.207 and À0.201 e Å
À3
. Details of the data collection parameters, crystallographic data and final agreement parameters are collected in Table 1 . Visualisation of the structure was made with the Diamond 3.0 program [40] . Selected geometrical parameters are listed in Table 2 and the geometry of hydrogen bonding interactions are collected in Table 3 .
Vibrational spectra measurements
The vibrational measurements were carried out at room temperature. The Fourier transform infrared spectrum was recorded from nujol mulls between 4000 and 400 cm À1 on a Bruker IFS 113V FTIR. The Fourier Transform Raman spectrum was recorded on a FRA-106 attached to the Bruker 113V FTIR spectrometer equipped with Ge detector cooled to liquid nitrogen temperature. Resolution was set up to 2 cm À1 , signal/noise ratio was established by 32 scans. Nd 
1.574/1.57 Symmetry code: (i) Àx + 1/2, Ày + 3/2, Àz.
Table 3
Hydrogen-bond geometry (Å,°). (13) 1.946 (14) 2.7726 (14) 165.1 (13) Symmetry codes: of bis(1-(diaminomethylene)thiouron-1-ium) oxalate were dissolved in heavy water, and were left in the atmosphere saturated with heavy water for 1 week in order to avoid the contamination of the crystals. Than the procedure was repeated twice. The obtained deuterated analogue crystallises similar as H-compound in monoclinic system (C2/c) with quite similar lattice parameters.
Results and discussion
Good quality single crystals of bis[1-(diaminomethylene)thiouron-1-ium] oxalate suitable for the X-ray analysis were obtained from water solution at 25°C. The X-ray single crystal analysis shows that both carboxyl groups of the oxalic acid are deprotonated (Fig. 1 ). In addition, the X-ray analysis revealed that only a half of the deprotonated oxalate(2-) anion is independent, since it lies on an inversion centre. The oppositely charged units, i.e. 1-(diaminomethylene)thiouron-1-ium cation and oxalate anion interact via two pairs of almost linear N-HÁ Á ÁO hydrogen bonds with a graph of R 2 2 (8) forming almost planar bis[1-(diaminomethylene)thiouron-1-ium] oxalate molecular complex (Fig. 2) .
The 1-(diaminomethylene)thiouron-1-ium cation in the crystal is not strictly planar, but twisted. Both arms of the cation are oppositely rotated around the C-N bonds involving the central N1 atom (Fig. 1) . The dihedral angle between the N1/C1/S1/N2 and N1/C2/ N3/N4 planes is 5.0(1)°. The rotation of the arms around the C-N bonds in the present structure is significantly smaller than that in the crystal of neutral 1-(diaminomethylene)thiourea molecule (22.2(1)°) [24] . The gas-phase conformation of 1-(diaminomethylene)thiouron-1-ium cation as show by ab initio MO calculations is also twisted, with a dihedral angle of 6.2° [28] . The currently available data on 1-(diaminomethylene)thiouron-1-ium salts show that the cation twisting may differ when different anions are used (Table 4 ) and is undoubtedly dependent on the hydrogen bonding system formed by the oppositely charged units. Protonation of the 1-(diaminomethylene)thiourea molecule causes a decrease of the steric effect of the lone-pairs of electrons at the S1 atom, and in result reduces the dihedral angle between the arms of the cation, when compared with that of neural 1-(diaminomethylene)thiourea molecule [22] . The C1-S1 bond (Table 2) is slightly longer than the typical C@S double bond as observed in the thioformaldehyde CH 2 C@S (1.6019(8) Å) [41] , which represents 100% double-bond character, and is slightly shorter than the value of $1.74 Å as observed in several thiolate anions that represents 50% double-bond character [42] . Thus the bond order of the C1-S1 bond is intermediate between the 2 and 1.5. The three C-NH 2 bond distances are in the range of 1.3084(15)-1.3229(14) Å, are thus shorter than typical single bond C(sp 2 )-NH 2 of 1.341-1.363 Å [43] . The central N1 atom links both arms of the 1-(diaminomethylene)thiouron-1-ium cation by a shorter bond to atom C2 (1.3693(14) Å) and a longer bond to atom C1 (1.3778(14) Å). However, both C-N bonds involving the central N1 atom are significantly longer than the three C-NH 2 bonds linking the amine groups ( Table 2 ). The planarity of the amine groups points to the sp 2 hybridisation of the orbitals on the amine nitrogen atoms. This indicates that the lone pair of electrons occupies the p orbital that is perpendicular to the plane of NH 2 group. Additionally, the p orbitals of the C, S and N atoms forming the p bond of the C1-S1 and C2-N1 double bonds as observed in neutral molecule (see Scheme 1) are also perpendicular to the plane. Therefore due to symmetry of the p orbitals the partial delocalisation of p bonds is possible and leads to the elongation of the double C1@S1 and C2@N1 bonds and to shortening of other C-N bonds linking the amine groups (Table 2) . Thus the bond order of the C-NH 2 bonds is greater than of the both C-N bonds involving the central N1 atom. The geometric parameters of the oxalate(2-) anion do not deviate significantly from the reported values in the other oxalate structures [44] . However, the C-C bond length of 1.562(2) Å is slightly longer than that in the crystal structure of oxalic acid, 1.525(3) Å [45] . The oxalate(2-) anion, as in the most of the available structures, is flat and centrosymmetric. However, there are also known the cases of the twisted oxalate anion as in 4-ammonium-1-methylpiperazinium oxalate dihydrate [46] or in bis(2-hydroxy-2-butyl)ethylenediammonium oxalate pentahydrate [47] with a twisting angle of 18.9(2)°and 44.2(2)°, respectively.
The hydrogen-bonding pattern involving the oxalate(2-) anion consists of three pairs of different hydrogen-bonding motifs. One of them is R 2 2 (8) that is formed by donation to the oxalate(2-) anion from two amine groups of 1-(diaminomethylene)thiouron-1-ium cation bonded to the C2 atom. The N-HÁ Á ÁO hydrogen bonds forming the R 2 2 (8) motifs are almost linear and join the oxalate(2-) anion with two 1-(diaminomethylene)thiouron-1-ium cations forming almost planar bis[1-(diaminomethylene)thiouron-1-ium] oxalate molecular complex (Fig. 2) . The other two motifs, R 2 2 (9) and R 1 2 (6), link the oxalate(2-) anion with two 1-(diaminomethylene)thiouron-1-ium cations that are inclined by $27°to the average plane of bis[1-(diaminomethylene)thiouron-1-ium] oxalate molecular complex (Fig. 3) . The R 2 2 (8) motif involve the oxygen atoms of one carboxylate group, while the other R 2 2 (9) motif involve the oxygen atoms of both carboxylate groups. The R 1 2 (6) motif involves two hydrogen bonds with the central imine N1 atom and the amine group joined to the thiolate carbon atom (C1) and only one oxygen atom of carboxyl group. These N-HÁ Á ÁO hydrogen bonds are robust enough to retain the environment of the oxalate(2-) anion stabilising the supramolecular structure (Fig. 3) . The supramolecular architecture presented in Fig. 3 interacts with the neighbour via N-HÁ Á ÁO hydrogen bonds of amine group (N4) forming pseudo-two dimensional layer parallel to the bc-plane (Fig. 4a) . The presence of the sulphur atom in the 1-(diaminomethylene)thiouron-1-ium cation raises the question of whether there are hydrogen bonds with the S as an acceptor, although the importance of such interactions has been questioned [48] . Nevertheless, there are authors motivated by the high content of sulphur in biological systems who claim to utilise the D-HÁ Á ÁS interactions (D = donor) in the crystal engineering. The N-HÁ Á ÁS interactions have been utilised for design supramolecular arrangement of thiourea derivatives [49] . Thus such N-HÁ Á ÁS intramolecular interactions seem to be present in the bis[1-(diaminomethylene)thiouron-1-ium] oxalate structure (Table 3) . Besides, the N-HÁ Á ÁS intramolecular interactions, the N-HÁ Á ÁS intermolecular interactions in the present structure are also exist. These N-HÁ Á ÁS intermolecular interactions link the 2D-layers forming a three-dimensional network (Fig. 4b) .
The FT-IR spectra of bis[1-(diaminomethylene)thiouron-1-ium] oxalate and its deuterated analogue are shown in Fig. 5a and b, respectively, while the Raman for the protiated complex is given in Fig. 6 . The bands corresponding to the vibration of the functional groups were identified with the aid of infrared correlation charts [50] [51] [52] . In addition, the spectra of bis[1-(diaminomethylene)thiouron-1-ium] oxalate are compared with the spectra of 1-(diaminomethylene)thiourea [34] and of oxalic acid [53, 54] as well as of oxalates [55] [56] [57] . The title compound has several functional and skeletal groups such as three NH 2 , C@S, C-N-C, N-C-N and N-C-S groups in the cation and COO À , C-C, C-COO À , C-C-C and C-H in the anion. A careful inspection of the IR spectrum (Fig. 5a) shows medium-strong intensity bands in the spectral range of 3436 and 3100 cm À1 that can be attributed to the asymmetric and symmetric stretching of three NH 2 groups of the 1-(diaminomethylene)thiouron-1-ium cation. In the Raman spectrum the bands of mNH 2 stretching vibrations appear in the 3400-3000 cm À1 region as a very weak one. These bands, as expected, are shifted in the IR spectrum of deuterated analogue (Fig. 5b) to the spectral region of 2530-2220 cm À1 . The strong narrow band at 1709 cm À1 in the IR spectrum is assigned to the stretching of imine bond of the cation, since a similar band is observed in some imines and their slats [58] . Its Raman counterpart is localised at 1717 cm À1 as a weak band (Fig. 6 ). In addition, the band of imine group of the deuterated analogue is shifted, as expected, to the 1246 cm À1 (Fig. 5b) . The X-ray data reveal that the all NH 2 groups of 1-(diaminomethylene)thiouron-1-ium cation are involved in the N-HÁ Á ÁO hydrogen bonds with NÁ Á ÁO distances ranging from 2.7726 (14) , respectively, which are also present and unchanged in the spectrum of deuterated analogue (Fig. 5b) . The m a ðCO 
Skeletal C-N-C, N-C-N 184m both IR and Raman spectrum, while in several thiourea metal complexes the m(C@S) band is observed in the range 715-700 cm À1 [59] .
The band of the m(C@S) mode is observed in the deuterated sample spectrum at almost the same frequency (Fig. 5b) . The observed frequencies of the most prominent bands and their assignments are listed in the Tables 5 and 6 .
Conclusion
The single crystals of bis[1-(diaminomethylene)thiouron-1-ium] oxalate were grown using a solution growth technique. The oppositely charged units, i.e. 1-(diaminomethylene)thiouron-1-ium cation and oxalate anion interact via two pairs of almost linear N-HÁ Á ÁO hydrogen bonds with a graph of R 
